Background: Extracorporeal circulation (ECC) can induce alterations in blood viscoelasticity and cause red blood cell (RBC) aggregation. In this study, the authors evaluated the effects of pump flow pulsatility on blood viscoelasticity and RBC aggregation. Methods: Mongrel dogs were randomly assigned to two groups: a nonpulsatile pump group (n=6) or a pulsatile pump group (n=6). After ECC was started at a pump flow rate of 80 mL/kg/min, cardiac fibrillation was induced. Blood sampling was performed before and at 1, 2, and 3 hours after ECC commencement. To eliminate bias induced by hematocrit and plasma, all blood samples were adjusted to a hematocrit of 45% using baseline plasma. Blood viscoelasticity, plasma viscosity, hematocrit, arterial blood gas analysis, central venous O 2 saturation, and lactate were measured. Results: The blood viscosity and aggregation index decreased abruptly 1 hour after ECC and then remained low during ECC in both groups, but blood elasticity did not change during ECC. Blood viscosity, blood elasticity, plasma viscosity, and the aggregation index were not significantly different in the groups at any time. Hematocrit decreased abruptly 1 hour after ECC in both groups due to dilution by the priming solution used. Conclusion: After ECC, blood viscoelasticity and RBC aggregation were not different in the pulsatile and nonpulsatile groups in the adult dog model. Furthermore, pulsatile flow did not have a more harmful effect on blood viscoelasticity or RBC aggregation than nonpulsatile flow.
Chi Bum Ahn, et al − 146 − perfusion flow [4] . In particular, these effects of EEC on RBCs and plasma cause alterations of hemorheology, such as blood viscoelasticity and RBC aggregation. Blood viscoelasticity is an intrinsic property that governs flow throughout the circulatory system in response to pressure developed by the heart [5] and is affected by hematocrit (Hct), temperature, plasma viscosity, RBC deformability, and aggregation tendency [6, 7] . RBC aggregation is mainly determined by plasma protein composition and the surface properties of RBCs, which change according to plasma concentrations of acute phase reactants in inflammatory disorders [8] . Furthermore, RBC aggregation is known to fall during cardiopulmonary bypass (CPB) because of hemodilution [9, 10] .
The comparative effects of pulsatile and nonpulsatile flow in regard to blood trauma remain debatable [11] , and studies concluding that blood trauma is related to flow type have generally focused only on hemolysis. In this study, we investigated whether pulsatile perfusion has more harmful effects on blood viscoelasticity and RBC aggregation than nonpulsatile perfusion.
METHODS

1) Anesthesia and surgical method
All animals were treated according to the Guide for the Care and Use of Laboratory Animals issued by the Korea University School of Medicine. Twelve mongrel dogs, weighing 27.24±5.20 kg (range, 23-32 kg), were randomly assigned to a nonpulsatile group (NP group, n=6) or a pulsatile group (P group, n=6). Animals were premedicated with intramuscular ketamine (10 mg/kg) and placed on a surgery table after
weighing. An intravenous fluid route was established at the upper foreleg. After inducing general anesthesia with thiopental sodium (5-10 mg/kg) and vecuronium bromide (0.1 mg/kg), a 6-7 French endotracheal tube was inserted, and anesthesia was maintained using a N2O/O2 gas mixture (2 L/min of each). Mechanical ventilation was maintained at a tidal volume of 10-15 mL/kg and a respiratory rate of 20-25 breaths/min.
To monitor hemodynamic data and to obtain blood samples, a 20 G catheter containing a pressure transducer was inserted through the right femoral artery and a 16 G catheter was inserted through the right femoral vein for venous blood gas analysis.
Median sternotomy was performed in the supine position, heparin (3 mg/kg) was injected, the ascending aorta was cannulated (18 Fr) , and the right atrium was subjected to bicaval cannulation (22 Fr) . These cannula were then connected to a nonpulsatile centrifugal pump (Bio-Source TM200; Biomedi- 
2) Sample preparation for viscoelasticity and aggregation index measurements
At baseline (before ECC), 30 mL of arterial blood was collected from the right femoral artery, and after 1, 2, and 3 hours of EEC, 15 mL of arterial blood was extracted. These samples were kept in iced water before separating RBCs and plasma using a centrifugal separator at 2,500 rpm for 10 minutes. To eliminate bias caused by Hct and plasma, all blood samples were adjusted to a Hct of 45% using baseline plasma. for a syringe pump, as previously described [12] .
5) Blood test
Arterial blood gas analysis, venous blood gas analysis, lactate, and Hct were measured at baseline and after 1, 2, and 3
hours of ECC.
6) Statistical analysis
The 
1) Blood viscoelasticity
Blood viscoelasticity has two components: viscosity and elasticity. Blood viscosity decreased abruptly after 1 hour of ECC and then remained low. However, no significant intergroup differences were observed (Fig. 1) . Blood viscosity at baseline was significantly higher than at 1 hour (at 289.1 and 513.9 s -1 ) in the P group, and baseline blood viscosity was significantly higher at all shear rates in the NP group (Fig. 1 ).
Blood elasticity was constant during ECC in both groups and no significant intergroup difference was observed (Fig. 2) .
2) Aggregation index
Mean AI values abruptly decreased after 1 hour of ECC in both groups, and no significantly intergroup difference was found.
3) Hematocrit, plasma viscosity, lactate, and central
venous oxygen saturation
Hct and plasma viscosity decreased abruptly after 1 hour of ECC and then remained low during ECC (p＜0.05).
However, no significant intergroup difference was observed (Table 1) . Lactate was significantly higher and ScvO2 (central venous oxygen saturation) was significantly lower at 1 hour in both groups (p＜0.05), but again no significant intergroup difference was evident (Table 1) .
DISCUSSION
ECC causes RBC damage, the best-known example of which is hemolysis. However, ECC also induces sub-hemolytic blood traumas, such as RBC aggregation and blood viscoelasticity changes [13] . In the present study, RBC aggregation decreased significantly during ECC, and it has been previously reported that RBC aggregation decreases after CPB because of hemodilution [9, 10] . This has been shown to be primarily due to decreases in fibrinogen concentration in plasma [9, 10] . Unlike previous studies, we adjusted all blood samples used for aggregation measurement to a Hct level of 45% using baseline plasma, and thus the decreased aggregation observed in the present study was not due to hemodilution only. Furthermore, there was no difference in the AI between the P and NP groups, which suggests that perfusion type has little effect on RBC aggregation.
Blood viscosity decreased during ECC regardless of perfusion type in the present study with no intergroup difference.
Blood elasticity remained constant during ECC in both groups and, no elasticity difference was observed between the two groups. Undar et al. [14] reported that viscosity and elasticity changes induced by pulsatile flow during ECC were The significances of longitudinal intragroup differences were determined using the Kruskal-Wallis test.
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The significances of intergroup differences were determined using the Mann-Whitney test. Same letters indicate non-significant differences between groups as determined using Dunn's test. less than those induced by nonpulsatile flow during deep hypothermic circulatory arrest. Blood viscoelasticity depends on a number of factors, such as Hct, temperature, plasma viscosity, RBC deformability, aggregation tendency, and plasma composition [5] [6] [7] . We believe that the different results obtained by Undar et al. [14] and ourselves were caused by the use of different methods of measuring viscoelasticity and temperature during ECC. We conducted ECC at 36 o C, whereas Undar et al. [14] measured viscoelasticity under hypothermic conditions. In addition, Undar et al. [14] did not adjust for Hct level or fix the plasma protein level. Furthermore, they used a neonatal piglet model, while we used an adult dog model. RBC aggregation and plasma viscosity are known to be lower in infants than in adults [15] . Despite the debate regarding the superiority of pulsatile flow with respect to organ protection during ECC in adults, general agreement has been reached that pulsatile flow is beneficial in pediatric patients [16] . Thus, it appears that the protective effect of pulsatile flow on blood cells might differ in pediatric and adult patients. Nonetheless, in the present study, we did not find any significant viscoelasticity difference between pulsatile and nonpulsatile flow during ECC in an adult dog model. This study has some limitations that warrant consideration.
First, the number of study subjects was small. Second, excessive hemodilution caused by circuit priming could have induced tissue hypoxia, generated oxygen free radicals, and thus adversely affected RBCs [17] [18] [19] [20] [21] [22] [23] and masked the effects of flow type on blood viscoelasticity and RBC aggregation.
Third, RBC aggregation during ECC does not precisely reflect in vivo RBC aggregation, because of the adjustment made for Hct and plasma composition. Accordingly, we suggest more studies be conducted on a larger number of animals to confirm the effect of pulsatile flow on blood viscoelasticity and RBC aggregation in adults.
In summary, we found no difference between pulsatile and nonpulsatile flow with respect to RBC aggregation or blood viscoelasticity in an adult ECC model.
